ABSTRACT: High-valent iron species are known to act as powerful oxidants in both natural and synthetic systems. While biological enzymes have evolved to prevent self-oxidation by these highly reactive species, development of organic ligand frameworks that are capable of supporting a high-valent iron center remains a challenge in synthetic chemistry. We describe here the reactivity of an Fe(II) complex that is supported by a tripodal sulfonamide ligand with both dioxygen and an oxygen-atom transfer reagent, 4-methylmorpholine-N-oxide (NMO). An Fe(III)−hydroxide complex is obtained from reaction with dioxygen, while NMO gives an Fe(III)−alkoxide product resulting from activation of a C−H bond of the ligand. Inclusion of Ca 2+ ions in the reaction with NMO prevented this ligand activation and resulted in isolation of an Fe(III)−hydroxide complex in which the Ca 2+ ion is coordinated to the tripodal sulfonamide ligand and the hydroxo ligand. Modification of the ligand allowed the Fe(III)−hydroxide complex to be isolated from NMO in the absence of Ca 2+ ions, and a C−H bond of an external substrate could be activated during the reaction. This study highlights the importance of robust ligand design in the development of synthetic catalysts that utilize a highvalent iron center.
■ INTRODUCTION
High-valent iron species are often reactive intermediates and are understood to be involved in C−H bond functionalization of a variety of substrates. For example, nonheme ironcontaining monooxygenases utilize a mononuclear iron(IV)− oxo unit as the active species to perform a diverse set of reactions, including hydroxylation, halogenation, desaturation, and epoxidation.
1 These diverse and important reactions have made nonheme high-valent iron complexes a target for synthetic chemists, both for understanding the functional aspects of active sites in enzymes and for developing new synthetic oxidants for chemical transformations such as C−H activation. 2, 3 One challenge associated with preparing complexes that can support oxidized Fe centers and harnessing their reactivity for substrate activation is designing supporting ligands that can withstand the highly reactive nature of these species. Indeed, several well-characterized Fe(IV)−oxo 4 and Fe(IV)−imido 5 species have been shown to undergo self-decay via reactivity with the supporting ligand. In this report, we describe C−H activation of the tripodal ligand N,N′,N″-[2,2′,2″-nitrilotris-(ethane-2,1-diyl)]tris(2,4,6-trimethylbenzenesulfonamido) ([MST] 3− = mesityl sulfonamide tripod, Chart 1) upon oxidation of its Fe(II) complex with an oxygen-atom (Oatom) transfer reagent to generate an Fe(III)−alkoxide species. The ligand [MST] 3− contains mesityl groups whose methyl positions are susceptible to oxidation. Redesign of the ligand to remove the methyl groups that are positioned closest to the metal center (Chart 1, [TST] 3− = tolyl sulfonamide tripod) allowed us to observe an intermediate species, possibly an Fe(IV)−oxo complex, which was capable of activating C−H bonds on external substrates to give an Fe(III)−hydroxide species.
■ EXPERIMENTAL SECTION
General Methods. Syntheses of metal complexes were completed under a nitrogen atmosphere in a VAC drybox. Solvents were sparged with argon and dried over columns containing Q-5 and molecular sieves. All reagents were purchased from commercial suppliers and used as received unless otherwise noted. Sodium hydride as a 30% suspension in mineral oil was filtered and washed five times each with Et 2 O and pentane and dried under vacuum. H 3 Ligand Isolation Studies. In a typical experiment, a DCM solution of the reaction mixture was brought out of the dry box and extracted with 1 M HCl. The organic layer was washed with brine, dried over MgSO 4 , and filtered. The DCM solution was then passed through a plug of silica, which was flushed with additional DCM. The ligand was eluted from the silica with 5% MeOH in DCM and the solvent removed under vacuum. The products were analyzed by electrospray ionization mass spectrometry (ESI-MS) and NMR spectroscopy.
Electronic Absorption Studies. In a typical experiment, a 0.2 mM stock solution of the metal complex was prepared in the glove box, and 3 mL of the solution was transferred to a quartz cuvette, which was sealed with a rubber septum. The cuvette was brought out of the glove box and allowed to equilibrate in the sample holder at 25°C for 10 min before NMO was added as a 30 mM solution via syringe.
Substrate Oxidation Studies. In a typical experiment, a solution of NMO was added in one portion to a solution containing the Fe II complex and DHA. After 3 h, the solvent was evaporated to dryness and the resulting yellow residue stirred in Et 2 O. Et 2 O was then filtered through Celite, passed through a silica plug, and evaporated to give the DHA products as an off-white residue. The residue was redissolved in CDCl 3 , and the ratio of products was determined by integration of their signals in the 1 H NMR spectrum. The Fe-containing products were redissolved in DCM and recrystallized by Et 2 O layering.
Physical Methods. Electronic absorption spectra were recorded in a 1.0 or 0.1 cm quartz cuvette on a Cary 50 spectrophotometer or an 8453 Agilent UV−vis spectrometer equipped with an Unisoku Unispeks cryostat. Negative mode electrospray ionization mass spectra were collected using a Micromass MS Technologies LCT Premier Mass Spectrometer. X-band (9.28 GHz) EPR spectra were collected as frozen solutions using a Bruker EMX spectrometer equipped with an ER041XG microwave bridge. IR spectra were recorded on a Varian 800 Scimitar Series FTIR spectrometer as KBr disks or as a solution using a Beckman liquid IR cell.
X-ray Crystallographic Methods. A Bruker SMART APEX II diffractometer was used to collect all data. The APEX2 8 program package was used to determine the unit-cell parameters and for data collections. The raw frame data was processed using SAINT 9 and SADABS 10 to yield the reflection data file. Subsequent calculations were carried out using the SHELXTL 11 Figure S1 , Supporting Information), and based on charge balance, the Fe center must be in the 3+ oxidation state. This oxidation state is supported by EPR spectroscopy, which exhibits a rhombic signal with g values of 4.2 and 8.6 that are consistent with a high-spin Fe(III) center ( Figure S2 , Supporting Information). Furthermore, a broad band was observed at a frequency of 3463 cm −1 in the FTIR spectrum of the reaction mixture, which is consistent with a vibration from a hydroxo ligand (Figure 1 , solid black trace, and Figure S3 , Supporting Information). 
with 2 equiv of NMO in the absence of a second metal ion, as evidenced by a rapid color change to orange. On the basis of the match in reactivity between dioxygen and NMO in the bimetallic systems, the analogous [Fe III MST(OH)] − complex was predicted to be the major product formed from this reaction (eq 2). Evidence for this product was again observed bipyramid (τ = 0.82) 18 with an average Fe−N eq distance of 2.021(2) Å and an Fe−N1 distance of 2.358(2) Å. The deprotonated hydroxyl group that resulted from functionalization of a mesityl group completes the coordination sphere of the Fe center. In order to accommodate the binding of the hydroxyl group, the functionalized mesityl group twists above the Fe−N eq plane, whereas those on the two unfunctionalized ligand arms point outward from the complex. The oxygen atom of the deprotonated hydroxyl group tilts away from the Fe−N1 vector toward N4 with an O1−Fe−N1 bond angle of 171.09(6)°and an Fe−O1 distance of 1.805(1) Å (see Table  S2 , Supporting Information, for additional metrical parameters).
The reaction of NMe 4 [Fe II MST] with NMO was further probed by determining the extent of oxidation of the [MST] 3− ligand after isolation of the ligand from the complex. The metal ion was removed from the ligand in an aqueous acid workup to give a mixture of H 3 MST and oxidized ligand species, which were recovered in a combined yield of 82% (eq 3). Analysis of the ligand products by NMR spectroscopy provided an estimate of the yields of the Fe(III)− hydroxide and Fe(III)−alkoxide products. The hydroxylated ligand 1, which is 3− consists of three species that have been further oxidized beyond hydroxylation of the ortho metal group. Two of the species are assigned to cyclization of one arm through the sulfonamide nitrogen atom and the hydroxylated ortho carbon atom of the activated ligand arm. Of these two products, one retained the hydroxyl functionality (12%, 2) and the other was further oxidized to the carbonyl (5%, 3). In the final ligand species, two of the ligand arms contained the cyclized carbonyl product (2%, 4) . Note that no further ligand oxidation is observed from reaction of pure [Fe III −O−MST] − with NMO; only the singly hydroxylated ligand product 2 was observed after isolation of the ligand products from the reaction (eq 4). Moreover, free H 3 MST and 2 show no reactivity with NMO, which suggests that the ligand must be coordinated to the metal center in order to become activated. MST] with NMO in the presence of Ca 2+ ions (eq 1) were also analyzed after extraction of the ligand from the metal complex. None of the oxidized ligand products shown in Chart 2 were observed. Other than a small amount of an unidentified ligand product (<5% overall), only unfunctionalized H 3 MST was isolated. One possibility for this lack of ligand oxidation could be preassociation of a Ca 2+ ion within the secondary coordination sphere of the [Fe II MST] − complex, which positions the mesityl groups far enough away from the metal center to prevent hydroxylation upon addition of NMO.
Reactivity of the [Fe 3− in oxidation reactions, and modification of the ligand is required to prevent this undesirable reactivity. We therefore replaced the susceptible mesityl groups of the ligand with tolyl groups ([TST] 3− ) in order to eliminate this pathway and redirect the reactivity toward external substrates with C−H bonds. − points nearly parallel to the Fe1−O1 vector, forming a negatively polarized fence around the hydroxo ligand. A short distance (2.743 Å) between the oxygen atom of the hydroxo ligand and one of these sulfonamide oxygen atoms (O2) is suggestive of an intramolecular hydrogen-bonding interaction between these two groups (see Table S3 , Supporting Information, for additional metrical parameters).
The mechanism for oxidation of [Fe II TST(OH 2 )] − with NMO is still under investigation, but observation of an absorbance band at λ max = 895 nm indicates that the reaction may have involved an Fe(IV)−oxo intermediate. There is a growing body of data to suggest that synthetic nonheme Fe(IV)−oxo complexes have optical features between 800 and 900 nm that arise from d−d transitions, and these features appear to be independent of spin state and molecular structure. − with NMO in the presence of 1 equiv of dihydroanthracene (DHA) in dichloromethane resulted in 20% conversion to the oxidized products anthracene (A), 9,9′,10,10′-tetrahydro-9,9′-bianthracene (B), and anthraquinone (C, Figures 5 and S18, Supporting Information) . 24 converted to oxidized products ( Figure 5) 
